Intrinsic strangeness contributions to low-energy strange quark matrix elements of the nucleon are modelled using kaon loops and meson-nucleon vertex functions taken from nucleon-nucleon and nucleon-hyperon scattering. A comparison with pion loop contributions to the nucleon electromagnetic (EM) form factors indicates the presence of significant SU(3)-breaking in the mean-square charge radii. As a numerical consequence, the kaon loop contribution to the mean square Dirac strangeness radius is significantly smaller than could be observed with parity-violating elastic ep experiments planned for CEBAF, while the contribution to the Sachs radius is large enough to be observed with PV electron scattering from (0 + , 0) nuclei. Kaon loops generate a strange magnetic moment of the same scale as the isoscalar EM magnetic moment and a strange axial vector form factor having roughly one-third magnitude extracted from νp/νp elastic scattering. In the chiral limit, the loop contribution to the fraction of the nucleon's scalar density arising from strange quarks has roughly the same magnitude as the value extracted from analyses of Σ πN . The importance of satisfying the Ward-Takahashi Identity, not obeyed by previous calculations, is also illustrated, and the sensitivity of results to input parameters is analyzed.
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Introduction
Extractions of the strange quark scalar density from Σ πN [1, 2] , the strange quark axial vector form factor from elastic νp/νp cross section measurements [3] , and the strange-quark contribution to the proton spin ∆s from the EMC measurement of the g 1 sum [4] , suggest a need to account explicitly for the presence of strange quarks in the nucleon in describing its low-energy properties. These analyses have motivated suggestions for measuring strange quark vector current matrix elements of the nucleon with semi-leptonic neutral current scattering [5] . The goal of the SAMPLE experiment presently underway at MIT-Bates [6] is to constrain the strange quark magnetic form factor at low-|q 2 |, and three experiments have been planned and/or proposed at CEBAF with the objective of constraining the nucleon's mean square "strangeness radius" [7] [8] [9] . In addition, a new determination of the strange quark axial vector form factor at significantly lower-|q 2 | than was obtained from the experiment of Ref. [3] is expected from LSND experiment at LAMPF [10] .
At first glance, the existence of non-negligible low-energy strange quark matrix elements of the nucleon is rather surprising, especially in light of the success with which constituent quark models account for other low-energy properties of the nucleon and its excited states. Theoretically, one might attempt to understand the possibility of large strange matrix elements from two perspectives associated, respectively, with the high-and low-momentum components of a virtual ss pair in the nucleon. Contributions from the high-momentum component may be viewed as "extrinsic" to the nucleon's wavefunction, since the lifetime of the virtual pair at high-momentum scales is shorter than the interaction time associated with the formation of hadronic states [11] . In an effective theory framework, the extrinsic, high-momentum contributions renormalize operators involving explicitly only light-quark degrees of freedom [5, 12] . At low-momentum scales, a virtual pair lives a sufficiently long time to permit formation strange hadronic components (e.g., a KΛ pair) of the nucleon wavefunction [13] . While this division between "extrinsic" and "intrinsic" strangeness is not rigorous, it does provide a qualitative picture which suggests different approaches to estimating nucleon strange matrix elements.
In this note we consider intrinsic strangeness contributions to the matrix elements N |sΓs|N (Γ = 1, γ µ , γ µ γ 5 ) arising from kaon-strange baryon loops. Our calculation is intended to complement pole [14] and Skyrme [15] model estimates as well as to quantify the simple picture of nucleon strangeness arising from a kaon cloud. Although loop estimates have been carried out previously [16, 17] , ours differs from others in several respects.
First, we assume that nucleon electromagnetic (EM) and and weak neutral current (NC) form factors receive contributions from a variety of sources (e.g., loops and poles), so we make no attempt to adjust the input parameters to reproduce known form factors (e.g.,
. Rather, we take our inputs from independent sources, such as fits to baryon-baryon scattering and quark model estimates where needed. We compute pion loop contributions to the nucleon's EM form factors using these input parameters and compare with the experimental values. Such a comparison provides an indication of the extent to which loops account for nucleon form factor physics generally and strangeness form factors in particular. Second, we employ hadronic form factors at the meson nucleon vertices and introduce "seagull" terms in order to satisfy the Ward-Takahashi (WT) Identity in the vector current sector. Previous loop calculations employed either a momentum cut-off in the loop integral [16] or meson-baryon form factor [17] but did not satisfy the WT Identity. We find that failure to satisfy the requirements of gauge invariance at this level can significantly alter one's results. Finally, we include an estimate of the strange quark scalar density which was not included in previous work.
The calculation.
The loop diagrams which we compute are shown in Fig. 1 . In the case of vector current matrix elements, all four diagrams contribute, including the two seagull graphs (Fig. 1c,d ) required by gauge invariance. For axial vector matrix elements, only the loop of Fig. 1a contributes, since M |J µ5 |M ≡ 0 for M a pseudoscalar meson. The loops 1a and 1b contribute to N |ss|N . In a world of point hadrons satisfying SU(3) symmetry, the coupling of the lowest baryon and meson octets is given by
where √ 2B = a ψ a λ a and √ 2M = a φ a λ a give the octet of baryon and meson fields, respectively, and where D + F = √ 2g πNN = 19.025 and D/F = 1.5 according to Ref. [18] .
Under this parameterization, one has
loops having an intermediate KΣ state ought to be generically suppressed by a factor of ∼ 25 with respect to KΛ loops. Analyses of K + N "strangeness exchange" reactions, however, suggest a serious violation of this SU(3) prediction [19] , and imply that neglect of KΣ loops is not necessarily justified. Nevertheless, we consider only KΛ loops since we are interested primarily in arriving at the order of magnitude and qualitative features of loop contributions and not definitive numerical predictions.
With point hadron vertices, power counting implies that loop contributions to the mean square charge radius and magnetic moment are U.V. finite. In fact, the pion loop contributions to the nucleon's EM charge radius and magnetic moment have been computed previously in the limit of point hadron vertices [20] . Loop contributions to axial vector and scalar density matrix elements, however, are U.V. divergent, necessitating use of a cut-off procedure. To this end, we employ form factors at the meson-nucleon vertices used in determination of the Bonn potential from BB ′ scattering (B and B ′ are members of the lowest-lying baryon octet) [18] :
where For Λ → ∞ (point hadrons), the total contribution from diagrams 1a and 1b to vector current matrix elements satisfies the WT Identity 
where ψ and φ are baryon and meson fields, respectively. The gauge invariance of this lagrangian can be maintained via minimal substitution. We replace the derivatives in the d'Alembertian by covariant derivatives, expand F (−D 2 ) in a power series, identify the terms linear in the gauge field, express the resulting series in closed form, and convert back to momentum space. With our choice for F (k 2 ), this prodecure leads to the seagull
where q is the momentum of the gauge boson and where the upper (lower) sign corresponds to an incoming (outgoing) meson of charge Q (details of this procedure are given in Ref. [21] In the case of the axial vector, only the baryon coupling is required since pseudoscalar mesons have no diagonal axial vector matrix elements. Our approach in this case is to use a quark model to relate the "bare" strange axial vector coupling to the Λ to the bare isovector axial vector matrix element of the nucleon, where by "bare" we mean that the effect of meson loops has not been included. We then compute the loop contributions to the ratio
where
is the strange quark axial vector form factor (see Eq. (10) below) and g A = 1.262 [22] is the proton's isovector axial vector form factor at zero momen-
, where u (ℓ) are the upper (lower) components of a quark in its lowest energy configuration [23, 24, 25] . The quark model also predicts that
. In the present calculation, we take the baryon octet to be SU (3) symmetric ( 
In the language of Ref. [2] , on has R s = y/(2 + y). Our aim in the present work is to compute R s in a manner as free as possible from the assumptions made in extracting this quantity from standard Σ-term analyses. We therefore use the quark model to compute
and γ M rather than obtaining these parameters from a chiral SU(3) fit to hadron mass splittings. We explore this alternative procedure, along with the effects of SU(3)-breaking in the baryon octet, elsewhere [21] .
In the limit of good SU(3) symmetry for the baryon octet, the baress matrix element of the Λ is f (3)-breaking in the baryon octet in a forthcoming publication [21] .
Neglecting loops, one has N |ūu+dd+ss|N = 3f 0 S . We include loop contributions to both the numerator and denominator of Eq. (7) . Although the latter turn out to be numerically unimportant, their inclusion guarantees that R s is finite in the chiral limit.
Were the contribution from Fig. 1a dominant, the loop estimate of R s would be nearly independent of f 0 S . The contribution from Fig. 1b , however, turns out to have comparable magnitude. Consequently, we are unable to minimize the hadron model-dependence in our estimate of R s to the same extent we are able with η s and the vector current form factors.
To arrive at a value for f Using the above couplings, we compute the kaon loop contributions to the strange quark scalar density as well as vector and axial vector form factors. The latter are defined as
where J µ is either the EM or strange quark vector current and J µ5 is the strange axial vector current. The induced pseudoscalar form factor, G P , does not enter semi-leptonic neutral current scattering processes at an observable level, so we do not discuss it here.
In the case of the EM current, pion loop contributions to the neutron form factors arise from the same set of diagrams as contribute to the strange vector current matrix elements but with the replacements K 0 → π − , Λ → n, and g N ΛK → √ 2g πNN . For the proton, one has a π 0 in Fig. 1a and a π + in Figs. 1b-d . We quote results for both Dirac and Pauli form factors as well as for the Sachs electric and magnetic form factors [26] , defined as
We define the magnetic moment as µ = G M (0) and dimensionless mean square Sachs and Dirac charge radii (EM or strange) as
The dimensionless radii are related to the dimensionfull mean square radii by < r 2 > sachs = 6 dG E /dq 2 = −(3/2m 2 N )ρ sachs and similarly for the corresponding Dirac quantities. From these definitions, one has ρ dirac = ρ sachs + µ. To set the scales, we note that the Sachs EM charge radius of the neutron is ρ sachs n ≈ −µ n , corresponding to an < r 2 n > sachs of about -0.13 fm 2 . Its Dirac EM charge radius, on the other hand, is nearly zero. We note also that it is the Sachs, rather than the Dirac, mean square radius which characterizes the spatial distribution of the corresponding charge inside the nucleon, since it is the combination F 1 − τ F 2 which arises naturally in a non-relativisitc expansion of the time component of Eq. (9).
Results and discussion
Our results are shown in Fig. 2 , where we plot the different strange matrix elements as a function of the form factor cut-off, Λ. Although we quote results in Table I corresponding to the point hadron calculation of Ref. [20] . We reiterate that the zeroes arising at Λ = m are an unphysical artifact of our choice of nucleon-meson form factor, and one should not draw conclusions from the curves in the vicinity of these points.
In order to interpret our results, it is useful to refer to the analytic expressions for the loops in various limits. The full analytic expressions will appear in a forthcoming publication [21] . In the case of the vector current form factors, the use of monopole meson-nucleon form factor plus minimal substitution leads to the result that
is the point hadron result of Ref. [20] . It is straightforward to show that the Λ-dependent terms in Eq. (13) vanish in the Λ → ∞ limit, thereby reproducing the point hadron result. For finite cut-off, the first few terms in a small-m 2 expansion of the radii and magnetic moment are given by have opposite signs, while the π ± -loop carries an additional factor of two due to the isospin structure of the N N π vertex.
For the scalar density, we obtain
, where the loop contributions are contained iñ
and ∆ 
The expressions in Eqs. (14) (15) (16) (17) (18) (19) (20) (21) (22) and curves in Fig. 2 lend themselves to a number of observations. Considering first the vector and axial vector form factors, we note that the mean-square radii display significant SU (3) From a numerical standpoint, the aforementioned qualitative features have some interesting implications for present and proposed experiments. Taking the meson-nucleon form factor cut-off in the range determined from fits to BB ′ scattering, 1.2 ≤ Λ Bonn ≤ 1.4 GeV, we find µ s has roughly the same scale as the nucleon's isoscalar EM magnetic moment,
The loop contribution is comparable in magnitude and has the same sign as pole [14] and Skyrme [15] predictions. While the extent to which the loop and pole contributions are independent and ought to be added is open to debate, the scale of these two contributions, as well as the Skyrme estimate, point to a magnitude for µ s that ought to be observable in the SAMPLE experiment [6] . Similarly, the loop and Skyrme estimates for η s agree in sign and rough order of magnitude, the latter being about half the value extracted from the νp/νp cross sections [3] . Under the identification of the strange-quark contribution to the proton's spin ∆s with G [28] . The asymmetry for scattering from a (J π , I) = (0 + , 0) nucleus such as 4 He, on the other hand, is sensitive primarily to the Sachs radius [28] . Thus, were the kaon cloud to be the dominant contributor to the nucleon's vector current strangeness matrix elements, one would not be able to observe them with the A LR ( ep) measurements of Refs. [7, 8] , whereas one potentially could do so with the A LR ( 4 He) measurements of
Refs. [8, 9] . Were the pole or Skyrme models reliable predictors of N |sγ µ s|N , on the other hand, the strangeness radii (Dirac and/or Sachs) would contribute at an observable level to both types of PV asymmetry. As we illustrate elsewhere [21] , the scale of the pole prediction is rather sensitive to one's assumptions about the asymptotic behavior of the vector current form factors; depending on one's choice of conditions, the pole contribution could be significantly smaller in magnitude than prediction of Ref. [14] . Given these results, including the difference in sign between the pole and both the loop and Skyrme estimates, a combination of PV asymmetry measurements on different targets could prove useful in determining which picture gives the best description of nucleon's vector current strangeness content.
From Eqs. (19) (20) (21) (22) , one has that the loop contributions to the scalar density contain We note in passing that scenario (C) gives a value for g [24] . These statements would seem to support the larger values for R s in Table I .
As for the Λ-dependence of the form factors, we find that the radii do not change significantly in magnitude over the range Λ Bonn ≤ Λ ≤ ∞, owing in part to the importance of the chiral logarithm. The variation in the magnetic moment, whose chiral logarithm is suppressed by a factor of m 2 , is somewhat greater (about a factor of four for m = m K ).
The ratio η s is finite as Λ → ∞, with a value of ≈ −1 in this limit. This limit is approached only for Λ >> the range of values shown in Fig. 2d , so we do not indicate it on the graph. sources (viz, BB ′ scattering) we quote in Table 1 results for our loop estimates using
It is amusing, nonetheless, to compare our results for m = m K and Λ ∼ 1 fm −1 with those of the calculation of Ref. [17] , which effectively excludes contributions from virtual kaons having wavelength smaller than the nucleon size. Assuming this regime in the cut-off is sufficiently far from the artificial zero at Λ = m K to be physically meaningful, our result for η s agrees in magnitude and sign with that of Ref. [17] . In contrast, our estimates are about a factor of three larger for the strangeness radii and a factor of seven larger for the strange magnetic moment. We suspect that this disagreement is due, in part, to the different treatment of gauge invariance in the two calculations. In the case of the axial vector form factor, which receives no seagull contribution, the two calculations agree. Had we omitted the seagull contributions, our results for the Sachs radius would also have agreed. For the Dirac radius our estimate would have been three times smaller and for the magnetic moment three times larger than the corresponding estimates of Ref. [17] . At Λ ∼ Λ Bonn , the relative importance of the seagull for ρ sachs s and µ s is much smaller (∼ 30% effect) than at small Λ, whereas omission of the seagull contribution to ρ dirac s would have reduced its value by more than an order of magnitude. We conclude that the extent to which one respects the requirements of gauge invariance at the level of the WT Identity can significantly affect the results for loops employing meson-nucleon form factors. We would argue that a calculation which satsifies the WT Identity is likely to be more realistic that one which doesn't and speculate, therefore, that the estimate of Ref. [17] represents an underestimate of the loop contributions to ρ s and µ s . An attempt to perform a chiralquark model calculation satisfying the WT Identity in order to test this speculation seems warranted.
Finally, we make two caveats as to the limit of our calculation's predictive power. First, we observe that for Λ ∼ Λ Bonn , the pion-loop gives a value for µ n very close to the physical value, but significantly over-estimates the neutron's EM charge radii, especially ρ dirac n (see Table I . 
